The endothelial cells that line blood and lymphatic vessels undergo complex, collective migration and rearrangement processes during embryonic development, and are known to be exquisitely responsive to fluid flow. At present, the molecular mechanisms by which endothelial cells sense fluid flow remain incompletely understood. Here, we report that both the G-protein-coupled receptor sphingosine 1-phosphate receptor 1 (S1PR1) and its ligand sphingosine 1-phosphate (S1P) are required for collective upstream migration of human lymphatic microvascular endothelial cells in an in vitro setting. These findings are consistent with a model in which signalling via S1P and S1PR1 are integral components in the response of lymphatic endothelial cells to the stimulus provided by fluid flow.
Introduction
The lymphatic system drains excess interstitial fluid and returns it to the circulating blood. Improper lymph drainage due to either vessel malformation or valve malfunction can lead to tissue swelling, termed lymphedema, which in addition to disfigurement and debilitation can contribute to the pathophysiology of atherosclerosis, hypertension and the formation of blood clots (thrombosis) [1] [2] [3] [4] [5] . Failure to establish proper cardiac lymph drainage is also thought to be a primary factor in organ rejection for heart transplants [6] , further illustrating the importance of this sometimes overlooked component of the circulatory system.
Fluid flow is an important cue in the development and stabilization of the lymphatic system [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] . Lymphatic endothelial cells (LECs), which line lymphatic vessels, experience a wide range in wall shear stress (WSS), ranging from 0 to 12 dynes cm 22 in rat mesenteric prenodal lymphatics [13] , and up to 40 dynes cm 22 in models of lymphedema [16] . Interestingly, the physical cue provided by WSS has been proposed to play an essential role in the development of lymphatic valves, which preferentially form at constrictions and vessel junctions, where both geometries feature spatial gradients in WSS [5, 11] . Previous studies have examined how endothelial cells (ECs) from the blood vasculature sense and respond to fluid flow [17] [18] [19] . PECAM-1, VE-Cadherin, VEGFR-2 and VEGFR-3 have previously been identified as components of a molecular flow sensor that converts the physical stimulus provided by WSS into downstream signalling via VEGFR and PI3K [10, 17, 20, 21] . G-protein-coupled receptors (GPCRs) have also been implicated in flow sensing. Notably, measurements using a Förster resonance energy transfer-based sensor suggest that bradykinin B 2 undergoes changes in conformation and activity in response to fluid shear stress, consistent with a direct role in flow sensing [22] . Recent evidence likewise implicates sphingosine 1-phosphate receptor 1 (S1PR1), another GPCR, in the response of endothelial cells to fluid flow [23] . S1PR1 knockout & 2016 The Author(s) Published by the Royal Society. All rights reserved.
mice die in utero between E13.5 and E14.5 due to defects in vascular stabilization [23] [24] [25] [26] [27] . How S1PR1 contributes to vessel stabilization is incompletely understood. However, previous work shows that the presence of S1PR1 was required for human umbilical vein ECs (HUVECs) to initiate downstream signalling via ERK1/2 specifically in response to WSS [23] .
More broadly, S1PR1 and its ligand S1P are known to play central roles in individual and collective cell migration. The concentration of S1P is negligible in interstitial fluid, but is ca. 100 nM in blood and lymphatic fluid [28] . Because of this, the local concentration of S1P provides an important cue in the context of immunological function, lymphangiogenesis and blood vessel stabilization. Loss of S1PR1 in RBL-2H3 cells, derived from mast cells (a type of white blood cell), results in decreased chemotactic motility [29, 30] , and S1PR1 activation via S1P is required for lymphocyte egress from the thymus and secondary lymphoid organs in mice [28, 31, 32] . S1P promotes LEC sprouting in vitro in a manner that requires S1PR1 [33] . In zebrafish embryos, S1P and its receptors are required for collective migration of prechordal plate progenitor cells [34] . This observation suggests that signalling via S1P may play broader roles in embryonic development than is currently appreciated.
Previously, we developed an impinging flow chamber (IFC) to impart controlled spatial gradients in WSS to a monolayer of adherent cells in a six-well plate fashion [35] [36] [37] . Using this device, we found that human lymphatic microvascular endothelial cells (HLMVECs), uniquely among the cells assayed, migrated upstream, against the flow direction [35] . Here, we show that this upstream migratory phenotype requires both S1PR1 and its ligand S1P. As discussed above, the requirement for S1P is significant in that S1P provides a chemical cue unique to the lymphatic and blood circulatory systems. Our data are consistent with a model in which S1P and flow act synergistically during the development and remodelling of the lymphatic system.
Material and methods

Cell culture
Primary HLMVECs (CC-2810) were purchased from Lonza Corporation (Walkersville, MD, USA) and cultured in EGM-2 basal medium (Lonza CC-3156) with supplements and growth factors (Lonza CC-4147) containing 5% FBS (fetal bovine serum), hEGF, VEGF, hFGF-B, R3-IGF-1, hydrocortisone and ascorbic acid. In total, 50 units ml 21 of penicillin and 50 mg ml 21 streptomycin (Life Technologies, Carlsbad, CA, USA) were added to the medium. Unless stated otherwise, cells used for experiments were between passages 6 and 10. Three to five days before the experiment, depending on the desired initial confluency, cells were plated onto a 6-well cell culture dish with a #1.5 glass coverslip bottom (Cellvis, Sunnyvale, CA, USA). These dishes were precoated with 0.2% gelatin (Sigma-Aldrich, Saint Louis, MO, USA) for 1 h. Cells were plated at 0.5-1.5 Â 10 5 cells per dish and incubated at 378C and 5% CO 2 . We performed parallel plate experiments using commercially available parallel plate flow chambers m-Slide VI 0.4 (80601, Ibidi, Madison, WI, USA). The channels were pre-coated with 0.2% gelatin for 1 h. Cells were plated at 7.5 Â 10 4 cells per well on each chamber and incubated at 378C and 5% CO 2 .
Prior to imaging, the EGM-2 medium was exchanged to Leibovitz's L-15 medium (Life Technologies) to allow for imaging independent of CO 2 . The L-15 medium included 5% FBS, the endothelial growth factor kit from Lonza (CC-4147), 50 units ml 21 of penicillin and 50 mg ml 21 streptomycin (Life Technologies). EC experiments were performed with cells at surface coverage (fraction of the coverslip covered by cells) of greater than 95% and confluency (fraction of maximum cell density) of 80% to ensure sufficient contact with neighbouring cells.
Fluid dynamics
Details of the fluid dynamics of our IFC have been previously reported [36] . Our IFC contains six replicate pairs of submerged jet orifices that apply impinging flow of cell culture media to a monolayer of adherent cells on standard glass-bottom 6-well dishes (figure 1a). The adherent cells experience an axisymmetric spatial gradient in WSS that can be tuned by changing the volumetric flow rate of media dispensed by a 9-roller dampened peristaltic pump (Idex, Oak Harbor, WA, USA). One orifice is located at the centre of each well and dispenses media while the second orifice aspirates media and is located far away from the inlet such that the exiting of the fluid does not alter the impinging flow region of interest ( figure 1a) .
Before exposing the cells to impinging flow, the IFC was prepared by adding 10 ml of L-15 medium to each of the six chambers in the absence of cells followed by the removal of bubbles. Medium was circulated through the device tubing. Once the tubing lines were filled, the device was stopped and the remaining air was removed through a syringe. The flow rate in all experiments was 1.5 ml min
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, corresponding to a peak WSS of 9 dynes cm
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. All flow experiments were performed for 20 h. Cleaning of the device after each experiment was performed analogously to preparation and is detailed in our prior publication [36] . Parallel plate experiments were performed using the same peristaltic pump detailed above. Shear stress calculations for the channels used were provided online by Ibidi. All parallel plate experiments were performed with a uniform WSS of 12 dynes cm 22 corresponding to a flow rate of 7.3 ml min
21
. Cell migration was captured through a Flea 3 camera (Point Grey, British Columbia, Canada) using a Nikon TE inverted microscope (Nikon Corporation, Tokyo, Japan) with a Nikon 4Â objective and a 1.5Â tube lens. A custom designed temperature control chamber was used to keep the ambient temperature at 378C.
Inhibitor and siRNA experiments
Each well of the 6-well IFC is connected to a separate reservoir of medium, allowing for six simultaneous, independent experiments. Generally, four experimental conditions and duplicate control samples were cultured independently and subjected to identical flow conditions. Stock concentrations of inhibitors were diluted in L-15 medium and added to the cells 1 h prior to the start of flow experiments. The inhibitor was also included in the recirculated medium to maintain its concentration throughout the IFC. W146, a S1PR1 antagonist (Ki ¼ 77 nM), was purchased from Cayman Chemical (Item No. 10009109, Ann Arbor, MI, USA).
Small interfering RNA (siRNA) knockdown experiments were performed using the Lipofectamine w RNAiMAX Transfection Reagent (13778030, Thermo-Fisher Scientific, Waltham, MA, USA) to deliver siGENOME SMARTpool S1PR1 siRNA (GE Dharmacon, Lafayette, CO, USA). Scrambled siRNA (Negative Control of siRNA Duplex, 027210, QIAgen, Hilden, Germany) was used for both quantitative real-time PCR and flow experiments as a negative control to verify that siRNA delivery did not adversely affect the HLMVECs. Delivery of siRNA was performed based on a standardized protocol detailed by Life Technologies: 1 day prior to the experiment, siRNA and Lipofectamine dilutions in Opti-MEM w (Thermo-Fisher Scientific) were prepared separately, mixed and incubated at room temperature for 20 min. The resulting solution was added dropwise to HLMVECs (approx. 80% rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160823 confluency) plated on the glass-bottom 6-well plate in EGM-2 medium and incubated at 378C for 24 h. After incubation, the EGM-2 medium with Lipofectamine/siRNA treated medium was exchanged with L-15 and the flow experiment was performed.
Quantitative real-time PCR
RNA was isolated and purified using the GENEjet RNA Purification Kit (#K0731, Thermo-Fisher Scientific). RNA was converted to cDNA using the Applied Biosystems High Capacity Reverse Transcription Kit (4368814, Thermo-Fisher Scientific). qPCR was performed through use of the Applied Biosystems StepOne Plus Real Time PCR System (Thermo-Fisher Scientific) with Power SYBR w Green PCR Master Mix (4367659, Thermo-Fisher Scientific). To determine the relative mRNA expression levels, two normalization factors were used: the gene ActB and the negative control samples that had been treated with scrambled siRNA. The ActB gene served as a housekeeping gene and the scrambled siRNA samples served as a reference baseline by which all relative S1PR1 mRNA expression levels were compared. S1PR1 qPCR primers used were: Forward, 5 0 -TGCGGGAAGGGAGTATGTTT-3 0 and Reverse, 5 0 -CGATGGCGAGGAGACTGAAC-3 0 . ActB primers used were: Forward 5 0 -TTCTACAATGAGCTGCGTGTG-3 0 and Reverse, 5
0 -ATCACAATGCCAGTGGTACG-3 0 . All trials were run in triplicate.
S1P addback experiments
On the day of the experiment, HLMVECs were switched from the EGM-2 medium to non-supplemented Opti-MEM [26] . Cells were starved in Opti-MEM for 2 h. Charcoal-stripped L-15 medium (CS-L15) which contained no lipid/lipophilic molecules was prepared using charcoal-stripped FBS (12676011, Life Technologies) instead of standard FBS and with the addition of the antibiotics and endothelial growth factors (see Cell culture). Sphingosine 1-phosphate (Cayman Chemical, Item No. 62570), dissolved in 0.5% bovine serum albumin (Sigma-Aldrich) in sterile phosphate-buffered saline (Thermo-Fisher Scientific), buffered to pH 7.4 by titration with NaOH, was added in defined amounts to CS-L15. The resulting CS-L15 with or without S1P was added to the serum-starved HLMVECs, and incubated at 378C for an hour prior to the start of a flow experiment.
Analysis of cell migration
Bright-field movies were processed with Fiji software and analysed using custom Matlab routines. All image files were bandpass filtered in Fiji using high-and low-frequency cutoffs at 2 and 20 pixels (approx. 2.5 and 25 mm). Cell migration was tracked for 20 h using the Manual Tracking plugin in Fiji for 100 cells per well. Cellular x-and y-positions were determined every 20 min and input into a custom Matlab script. Displacement in the radial direction (figure 1d) relative to the position of the jet centre, along with the total distance a cell travels during the duration of an experiment were calculated for each tracked cell. The persistence of migration was calculated as a ratio between these two values (d r /d t ) ranging between 21 and 1, where the limiting cases indicate migration along a radius towards or away from the jet centre, respectively, with a value of 0 indicating random migration with no net displacement. Tracked cells were binned by their initial starting position in the experiment (figure 1c). The migration and radial persistence of HLMVECs were determined for duplicate datasets (200 cells in total per trial) and graphed on box-and-whisker plots using Plotly (plot.ly). Tests for pairwise equal median statistical significance were performed using the Wilcoxon rank sum test, while tests for zero median statistical significance of a dataset were determined using the Wilcoxon signed-rank test. For all box-and-whisker plots, the lower significance bars indicate the pairwise equal median
test, where n.s. indicates that the distribution has a median statistically indistinguishable from zero. Statistical significance is denoted by asterisks above the significance bar. To account for the multiple comparison tests being performed, a Bonferroni correction was applied to conservatively set the p-value for significance to less than or equal to 0.0167 (for three
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, respectively. All experiments are shown in duplicate, where two independent flow experiments were performed from HLMVECs cultured in different batches.
Results
3.
1. An impinging flow chamber applies spatial gradients in wall shear stress to cultured endothelial cells
The 6-well IFC apparatus fits on standard 6-well cell culture plates, applies an axisymmetric WSS gradient about the flowstagnation point (figure 1a), and is compatible with both brightfield and fluorescence live-cell imaging [36] . Advantages of the IFC are that it applies a range of WSSs in one experiment, and moreover replicates the spatially varying WSS found at vessel bends, constrictions and bifurcations. The magnitude of the maximum WSS and WSS gradient can be tuned across a wide range of values by changing the flow rate. In previous work, we assayed a number of adherent cell types [36] and found that, unusually, HLMVECs migrate upstream, against the direction of flow. This upstream migration required cellcell contact, as cells without nearby neighbours were unable to migrate against the flow direction, indicating that the migratory response was a collective rather than individual response to WSS [35] . Here, we subjected HLMVECs to impinging flow for 20 h, under conditions that generated WSSs of 0-10 dynes cm 22 , a range found in the lymphatic system [12] . Consistent with previous results, HLMVECs migrated upstream, against the flow direction (figure 1e,f ). Inward cell migration was generally similar for cells subjected to WSS ranges of either 0-10 or 0-72 dynes cm
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, with the exception that cells at the periphery of the field of view (Ring 6) migrated inward at the high, but not low, WSS condition (figure 1f ). These observations indicate that (i) inward migration towards the jet centre resulted from an active response to WSS and (ii) even the relatively modest WSSs found in the lymphatic vasculature were sufficient to elicit this response.
3.2. S1PR1 is required for human lymphatic microvascular endothelial cell inward migration in response to wall shear stress
We previously showed that the six-well impinging flow device is well suited to perform medium-throughput screens. Using this device, we previously reported that HLMVEC migration in response to impinging flow required activation of src tyrosine kinase, focal adhesion kinase and phosphoinositide 3-kinase (PI3K) [36] . Here, we report that the G-protein-coupled receptor rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160823 S1PR1 is also required for the HLMVEC migration against the flow direction (figure 2). Addition of 1 mM W146, a specific and potent S1PR1 inhibitor [24] , abolished net inward migration in response to impinging flow (figure 2a,b). S1PR1 inhibition with W146 (1 mM) likewise blocked net inward migration at flow conditions which resulted in peak WSS of 72 dynes cm
, demonstrating the robustness of the result (electronic supplementary material, figure S6a). To confirm the role of S1PR1 in flow-induced migration, we performed a transient siRNA knockdown of S1PR1 (figure 2d) and saw an analogous prevention of directional migration (figure 2c,e). This result was robust across a wide range of WSSs (electronic supplementary material, figure S7a).
To determine whether S1PR1 was required for the HLMVEC migratory response across other WSS profiles, we treated cells with 1 mM W146 and compared their migration to untreated cells exposed to spatially uniform WSS at 12 dynes cm 22 . HLMVECs exposed to spatially uniform WSS also migrated upstream, against the flow direction (electronic supplementary material, figure S2a). In an earlier work, we reported that HLMVECs migrated with the flow direction when exposed to spatially uniform WSS of 12 dynes cm 22 [35] . In subsequent experiments, we found that the upstream migratory response for HLMVECs is most robust for cells between passages 7 and 10, as used in this study (data not shown). Importantly, HMLVECs treated with W146 and exposed to spatially uniform 12 dynes cm 22 WSS migrated with, as opposed to against, the flow direction (electronic supplementary material, figure S2b). In sum, both spatially uniform and spatially varying WSS could trigger directed,
(c) upstream migration by HLMVECs, and this response was mediated by S1PR1.
S1PR1 is required for persistent, directional migration in response to flow
We next sought to determine whether S1PR1 was required for a flow-mediated response to WSS, or was instead required simply for HLMVEC motility. We treated HLMVECs with 1 mM W146 in the absence of flow, and found that cells were motile regardless of W146 treatment (figure 3a). To further quantify the directional nature of HLMVEC migration, we developed a metric termed radial persistence, where a radial persistence of þ1 and 21 indicates migration along a radial line away ( positive) or towards (negative) the jet centre (figure 3b). Control, untreated HLMVECs exhibited moderately negative radial persistence values for rings 2-5, indicating a persistent inward migration. By contrast, HLMVECs treated with 1 mM W146 on average displayed little to no radial persistence (figure 3c). Similarly, HLMVECs treated with siRNA targeting S1PR1 either displayed no radial persistence at rings close to and far from the jet centre or migrated with the direction of flow (figure 3d). These findings remained unchanged at higher flow rates yielding a maximum WSS of 72 dynes cm 22 (electronic supplementary material, figures S6b and S7b). Taken together, these results indicate that S1PR1 is required for maintaining directionally persistent, inward migration in response to the spatial cue provided by WSS.
3.4. S1P is required for human lymphatic microvascular endothelial cell migration in response to wall shear stress
Our next goal was to investigate the mechanism by which S1PR1 may be activated in response to fluid flow. It has been previously shown that S1P is required for lymphangiogenesis and EC motility [33] . We therefore hypothesized that S1P might itself play a necessary role in the inward migration triggered by impinging flow. After starving HLMVECs in serum-free Opti-MEM for 2 h, cells were switched into media prepared with charcoal-stripped FBS (CS-L15), a process that removes lipophilic molecules, including S1P. Under these conditions, HLMVECs did not migrate against the flow direction over the course of 20 h, with many of the cells showing no directional preference (figure 4a,c; electronic supplementary material, figure S4 ). We next performed the same experiment, but supplemented media prepared with charcoal-stripped FBS and 100 nM of S1P, a physiologically relevant concentration [24, 26, 38] ( figure 4b,c) . Under this condition, HLMVECs migrated against the flow direction with near identical radial migration distances and persistence to those of control, untreated, HLMVECs (figure 4d and electronic supplementary material,
n.s. rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160823 figure S5 ) indicating a rescue of their migratory phenotype.
To assess whether using CS-L15 prevented EC motility, an identical culture of HLMVECs was imaged in the absence of flow. We observed that there was no statistical difference in the migration of cells in CS-L15 when compared with cells cultured in CS-L15 with 100 nM added S1P in the absence of flow (electronic supplementary material, figure S3 ), implying a specific role for S1P in mediating the HLMVEC migratory response to flow. Lastly, we examined the importance of S1P in regulating HLMVEC migration if cells were exposed to a higher maximum WSS of 72 dynes cm
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. Under these conditions, HLMVECs were unable to migrate against the flow direction when placed in CS-L15 but similarly regained their inward migratory phenotype when S1P was added back to the CS-L15 (electronic supplementary material, figures S8 and S9).
Discussion
In previous work, we observed that HLMVECs migrated upstream in response to impinging flow. Furthermore, upstream migration was a collective phenomenon, as sparsely seeded HLMVECs are unable to migrate upstream, indicating the need for cell-cell contacts [35] . Here, we extend these observations by showing that upstream migration also occurs at low, physiological WSS levels. In addition, we identify the signalling lipid S1P and its receptor S1PR1 as critical for this response.
Vascular development, and plausibly lymphatic development, relies on long-range, coordinated cell migration in order to pattern developing vessels [39] . The physical mechanisms by which coordinated cell migration arises are incompletely understood [40] . In some such studies, the collective dynamics of confluent (continuous and contacting) sheets of cells exhibit n.s. * * * ** ** ** ** * * ** ** *** n.s.
n.s.
CS-L15
CS-L15 + 100 nM S1P rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160823 glassy dynamics, meaning that their migration displays properties commonly associated with non-equilibrium matter (foams, polymers, etc.) such as elastic, solid-like behaviour on short timescales and fluid-like cell rearrangements at longer timescales [41] [42] [43] [44] [45] [46] [47] [48] . Consistent with this description, confluent epithelial and endothelial sheets show spontaneous stress fluctuations that can propagate many cell lengths across cell monolayers [44, 46] . Long-range, coordinated cell movements were shown to be of particular importance in the asthmatic airway epithelium, where large energy barriers to cell reorientation were shown to lock the epithelium in a jammed state that was unable to adapt to global changes in stress [48] . Whether analogous mechanisms underlie the transition from lymphatic (and blood) vessel growth to stabilization remains an important topic for future investigations. Fluid flow is thought to play a central role in patterning the developing vasculature. In one prominent example, blood flow is required to induce vessel remodelling in the mouse yolk sac, where it triggers upstream migration of ECs from capillaries into growing arterial segments in a process that is coupled to vessel fusion and maturation [39, 49, 50] . Whether flow may trigger LECs to migrate upstream in an in vivo context has not been examined to our knowledge. At least in principle, upstream migration would provide an appealing mechanism to drive LEC recruitment and hence vessel expansion specifically in vessels experiencing high levels of fluid influx, and hence WSS. We note that in the adult lymphatic vasculature, wound healing also requires a similar process of lymphatic vessel outgrowth followed by stabilization [51] . We speculate that the upstream migratory phenotype displayed by HLMVECs may thus reflect a conserved mechanism for regulating vessel growth and remodelling in a variety of developmental and physiological circumstances.
Our results are consistent with previous work showing that arterial, venous and lymphatic ECs possess a set point for WSS that corresponds to their flow environment in vivo [10] . In particular, VEGFR3 was shown to be required for the heightened sensitivity of LECs to WSS, and siRNA knockdown of VEGFR3 shifted the maximal alignment to flow back to the range shown by blood ECs [10] . Further highlighting their unique sensitivity to WSS, HLMVECs cultured in microchannels and imaged using a ratiometric calcium dye displayed changes in intracellular calcium that scaled with WSS, with a maximum response at 10 dynes cm 22 [12] .
Finally, using an ex vivo perfusion system, the contractility of isolated rat thoracic ducts was examined for pressuredriven flow. The mean WSS threshold required to elicit a contractile response was significantly higher at 0.97 dynes cm
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(5 cmH 2 O) than 0.64 dynes cm 22 (3 cmH 2 O) for a modestly higher pressure drop, indicating that the shear-mediated contractile response in the collecting lymphatics is sensitive to changes in WSS as small as 0.3 dynes cm 22 [7] .
The mechanism by which fluid flow activates S1PR1 in our study is unclear. One possibility is that the physical stimulus provided by flow activates S1PR1 directly. Consistent with this possibility, a previous study reported that S1PR1 inhibition or knockdown in HUVECs significantly decreased cell alignment in response to spatially uniform fluid flow [23] . Furthermore, the response of these cells to fluid flow could be reconstituted with R120A S1PR1, which cannot be activated by S1P, suggesting that S1PR1 might be activated by fluid shear stress independent of its ligand [23] . However, in our system, S1P appears to be required for the response of HLMVECs to WSS (figure 4). As a provisional interpretation of these results, we suggest that the direct activation of S1PR1 by flow may be context and/or cell-type dependent.
Given that S1P is required for the HLMVEC response to WSS, one plausible explanation for our observations is that the ECs generate a gradient in S1P in response to flow, which in turn triggers directional cell migration via chemotaxis. An S1P concentration gradient could in principle be created through secretion via S1P transporters such as Spinster2 [52] , by HLMVEC-mediated depletion of S1P from the media, or both. S1P is a known chemoattractant for a variety of cell types [28, 31, 32, 53, 54] . Furthermore, activation of S1PR1 by S1P promotes lymphangiogenesis via Gai-dependent signalling [33] . However, the full recirculation of cell culture media in the IFC takes 5 min, whereas the HLMVECs migrate on the timescale of multiple hours. It is thus unclear if a chemotactic S1P gradient can be established in the conditions studied here. A possible alternative model is that S1P and S1PR1 act as a permissive signal upstream or in parallel to the signalling pathways that detect the direction of fluid flow. In this model, S1PR1 may not be mechanically activated by flow, but is required to activate downstream signalling involved in flow-mediated collective migration. Given the known requirement of S1PR1 activity in proper VE-Cadherin localization in the developing microvasculature [24] , it is possible that signalling via S1PR1 influences the assembly of the flow sensing complex consisting of PECAM, VE-Cadherin and VEGFR2/3 [10, 17, 21, 55] , and hence indirectly regulates flow sensing via this pathway.
How activation of S1PR1 drives internal signalling that results in directional cell migration in our study is unclear. Previous work suggests that PI3K is activated downstream of S1P, S1PR1 and Gai in ECs [56] . Consistent with this understanding, we found that chemical inhibition of PI3K prevented HLMVEC migration against the flow direction in response to impinging flow [36] . In addition, the requirement of S1P could imply an involvement of additional S1P binding receptors such as S1PR2, which has been previously shown to play a role in lymphatic vessel contraction [57] . Additional work, lying outside the scope of this study, will be required to establish the possible role of PI3K and other signalling molecules in mediating the response of LECs to WSS. More broadly, additional experiments examining the roles of S1P and S1PR1 in blood and lymphatic vessel remodelling in vivo present an appealing target for future investigations.
In summary, our results support an important role for S1P and S1PR1 in regulating important aspects of EC migration. In particular, our work suggests that the LEC response to flow requires the simultaneous presence of S1P, a chemical cue that indicates the presence of a functional vessel. We therefore speculate that S1P may act as a permissive cue upstream of the LEC response to flow in a variety of contexts, for example, during lymphatic valve formation and vessel remodelling during development [8, 11] . To the best of our knowledge, this model is consistent with extant developmental data, and provides a means by which LECs may combine biochemical and physical information to yield the complex vessel architectures necessary for lymphatic function.
